The ventilatory response to hypoxia is influenced by the balance between inhibitory (GABA, glycine, and taurine) and excitatory (glutamate and aspartate) brainstem amino acid (AA) neurotransmitters. To assess the effects of AA in the nucleus tractus solitarius (NTS) on the ventilatory response to hypoxia at 1 and 2 wk of age, inhibitory and excitatory AA were sampled by microdialysis in unanesthetized and chronically instrumented piglets. Microdialysis samples from the NTS area were collected at 5-min intervals and minute ventilation (V E ), arterial blood pressure (ABP), and arterial blood gases (ABG) were measured while the animals were in quiet sleep. A biphasic ventilatory response to hypoxia was observed in wk 1 and 2, but the decrease in V E at 10 and 15 min was more marked in wk 1. This was associated with an increase in inhibitory AA during hypoxia in wk 1. Excitatory AA levels were elevated during hypoxia in wk 1 and 2. Changes in ABP, pH, and ABG during hypoxia were not different between weeks. These data suggest that the larger depression in the ventilatory response to hypoxia observed in younger piglets is mediated by predominance of the inhibitory AA neurotransmitters, GABA, glycine, and taurine, in the NTS. T he difference in ventilatory response to hypoxia between neonatal and adult subjects is well documented (1-3). The ventilatory response to hypoxia during the neonatal period is characterized by an increase in ventilation (1-2 min) followed by a decrease in minute ventilation (V E ) to values below or close to baseline levels. In contrast, a more sustained ventilatory response to hypoxia is described in adults (4). The initial increase in ventilation is mediated by the peripheral chemoreceptors, whereas subsequent changes are centrally mediated (5,6).
T he difference in ventilatory response to hypoxia between neonatal and adult subjects is well documented (1) (2) (3) . The ventilatory response to hypoxia during the neonatal period is characterized by an increase in ventilation (1-2 min) followed by a decrease in minute ventilation (V E ) to values below or close to baseline levels. In contrast, a more sustained ventilatory response to hypoxia is described in adults (4) . The initial increase in ventilation is mediated by the peripheral chemoreceptors, whereas subsequent changes are centrally mediated (5, 6) .
The change from the neonatal to the adult ventilatory response is thought to occur during early postnatal life in most species (7, 8) . Previous studies have demonstrated that this change in the ventilatory response occurs within the first 1-2 wk of life in piglets (9 -11) .
Several mechanisms may be responsible for the ventilatory depression observed during hypoxia soon after birth. These include deterioration in lung mechanics (12) , changes in metabolism (13) , and a predominance of inhibitory over excitatory neurotransmitters in the CNS (14) . Previous studies from our laboratory have demonstrated a role for amino acids (AA) in the hypoxic ventilatory response in newborn animals (5, (15) (16) (17) . The balance between excitatory AA, such as glutamate and aspartate, and inhibitory AA, such as GABA and glycine, may influence the ventilatory response to hypoxia in the neonatal and postnatal periods. In newborn animals, it has been suggested that the increase in the release of the CNS inhibitory amino acid neurotransmitter GABA may be responsible for the hypoxic ventilatory depression (9, 16, 18) . However, it is also possible that the biphasic response in ventilation during hypoxia may be due to a reduction in the release of central excitatory AA neurotransmitters, glutamate, and aspartate, resulting in enhancement of the effects of inhibitory AA neurotransmitters, GABA and glycine (15, 17, 19) . Taurine, an inhibitory AA, is known to have hypoxic-protective properties. Taurine is at its highest concentration in the brain during the fetal and newborn periods and decreases from birth to adulthood (20) . It may also play an important role in the regulation of ventilation during the neonatal period. To the best of our knowledge, there are no published data evaluating the relationship between nucleus tractus solitarius (NTS) excitatory and inhibitory amino acid levels with ventilation during hypoxia in different age groups.
We hypothesize that the postnatal maturation of the ventilatory response to hypoxia is determined by a change in the balance between inhibitory (GABA, glycine, and taurine) and excitatory (glutamate and aspartate) AA neurotransmitters in the brainstem respiratory areas. Therefore, the purpose of this study was to evaluate the ventilatory response to hypoxia in unanesthetized piglets at 1 and 2 wk after birth and to simultaneously assess the changes in the extracellular levels of glutamate, aspartate, GABA, glycine, and taurine in the region of the NTS of the brainstem induced by hypoxia in these piglets.
MATERIALS AND METHODS
Surgical procedures. Newborn Yorkshire piglets (wk 1: n ϭ 12, age 4.3 Ϯ 1.4 d, wt 1.60 Ϯ 0.40 kg; wk 2: n ϭ 9, age 10.6 Ϯ 1.5 d, wt 2.2 Ϯ 0.6 kg) were anesthetized with 2% isoflurane in oxygen using a nonrebreathing anesthesia mask for aseptic surgical procedures. Heart rate (HR) and oxygen saturation were measured by continuous pulse oximetry (model N-100, Nellcor Inc., Hayward, CA) and body temperature was monitored with a rectal thermistor (YSI Inc., Yellow Springs, OH) during surgery. Body temperature was maintained by means of a heating pad. The femoral artery and vein were cannulated and catheters were secured in a pouch on the lower back of the animals. Each piglet was then placed in the prone position with its head fixed in a stereotaxic holder (model 1530, David Kopf, Tujunga, CA) for implantation of a guide cannula. The cannula was placed 1.5-1.8 mm left of the sagittal suture and 1.0 -1.5 mm anterior to the lambda and cemented to the skull with dental acrylic cement. This was later used for the placement of the microdialysis probe into the NTS on the day of the study. The measurements used for the placement of the probe were determined from a previous study in our laboratory (17) .
EEG and electro-oculogram (EOG) were used to monitor sleep state. EEG electrodes consisted of insulated stainless steel wires (Cooner Wire Co., Chatsworth, CA) connected to bifrontal stainless steel screws, which were anchored 10 mm anterior and lateral to the bregma and insulated with dental acrylic cement. For EOG, a pair of insulated stainless steel wire electrodes were sewn at the outer canthus of the eye and used as a signal source and a third wire was used as a ground reference. The signals were amplified and recorded on an eight-channel recorder (model RS3800, Gould Instruments, Cleveland, OH) and computer program.
Prophylaxis antibiotic, cefoxitin (50 mg/kg i.v. twice daily), was given the day of surgery and up to 3 d postoperatively. Catheters were flushed with 20 units of heparinized saline daily. The animals were allowed to ambulate twice daily outside the pens.
Handling and care of the animals were in accordance with the guidelines of the National Institutes of Health and the study protocol was approved by the Animal Care Committee of the University of Miami.
Amino acid analysis. AA concentrations in the perfusate were analyzed by HPLC with electrochemical detection after precolumn derivatization. The Ventilatory analysis. Respiratory airflow was measured using a pneumotachograph attached to a customized facemask, a differential pressure transducer (model MP45; Validyne Engineering Co., Northridge, CA) and a pressure amplifier. The flow signal was integrated to obtain tidal volume (V T ) using a Gould integrator. Minute ventilation (V E ) was obtained by adding inspiratory volumes measured over a 1-min period. Bias flow was adjusted to meet the animal's airflow demands. The generated signals were recorded on the multichannel recorder and all signals were digitized (AT-Codas, DataQ Instruments, Akron, OH) and stored into a personal computer.
Hemodynamic analysis. Arterial blood pressure (ABP) and HR were measured with a pressure transducer (model P-23 ID, Gould Instruments) throughout the study period.
Study protocol. Forty-eight to 72 hours after surgery, the animals were placed in a sling and kept in a thermoneutral environment. A microdialysis probe, 55 mm length, 3 mm polycarbonated membrane with a 20,000 D cutoff and a 0.4 mm diameter, was positioned through the guide. The probe was perfused continuously with an unbuffered Ringers solution that contained (mM) 140 NaCl, 2.5 KCL, 1.3 CaCl 2 , and 0.9 MgCl 2 · 6H 2 O via an infusion pump (BAS Bee Pump, Model MD-1001, Bioanalytical Systems, West Lafayette, IN) at a rate of 2.0 L/min. The dialysate was collected at 5-min intervals and the samples were frozen and stored at -70°C and later analyzed for amino acid concentrations. At the end of each study, a fast green dye (5%) was perfused through the microdialysis probe for post mortem confirmation of the probe position. The probe was considered to be properly placed if any portion of the distal probe was inside the NTS as described previously (17) .
The animals were allowed to stabilize 90 min after the placement of the microdialysis probe. Thirty minutes into the stabilization period, the piglets were allowed to breathe through a customized airtight facemask. After 1 h of acclimatization, ABP, HR, arterial blood gases (ABG), V E , V T , and respiratory rate (RR) were measured over 30 min and referred to as air values. Microdialysis samples were obtained throughout the study periods. After air measurements, animals were exposed to 10% O 2 (hypoxia) for 15 min. All measurements were repeated at 1, 5, 10, and 15 min of hypoxia. EEG and EOG were monitored to ensure that all measurements were obtained during nonrapid eye movement sleep, because sleep states can modify the ventilatory response to hypoxia in newborn animals (21) .
Statistical analysis. Data are expressed as mean Ϯ SD. Two-way ANOVA with repeated measures was used to compare cardiorespiratory and AA values during hypoxia between the two age groups. p values Ͻ0.05 were considered significant. All statistical analysis was performed using SigmaStat 3.0.
RESULTS

Ventilation and amino acid neurotransmitters.
Ventilation and AA results in hypoxia are expressed as percent change from air. Both age groups displayed a biphasic ventilatory response to hypoxia; however, a more marked decrease in ventilation during hypoxia was observed in wk 1 compared with wk 2 studies (p Ͻ 0.01) (Fig. 1) . During the first week, ventilation increased at 1 min of hypoxia and then decreased to values slightly above baseline at 15 min (9 Ϯ 16%). V T was mainly responsible for the decrease in V E from 5 min to 15 min of hypoxia (Table 1) . However, in wk 2, a larger increase in ventilation was observed at 1 min of hypoxia, and ventilation was maintained well above baseline at 15 min (33 Ϯ 21%). This change in V E was primarily due to an increase in RR (Table 1) . Figure 2 represents the changes in brainstem inhibitory AA levels during hypoxia. During hypoxia, the levels of GABA (p Ͻ 0.04), glycine (p Ͻ 0.03), and taurine (p Ͻ 0.04) were significantly higher in wk 1 compared with wk 2 animals. During wk 1, GABA levels had a minimal increase at 0 -5 min but increased further at 5-10 min and 10 -15 min. The levels of glycine also increased significantly during hypoxia in relation to air values. Taurine levels increased at 0 -5 min, peaked at 5-10 min, and decreased slightly at 10 -15 min. Figure 3 represents the changes in excitatory AA levels during hypoxia. Aspartate and glutamate levels increased and maintained levels above air values during hypoxia in wk 1 and wk 2 animals. The changes in V E and V T with hypoxia are statistically significant between wk 1 vs wk 2 groups (* p Ͻ 0.01). There are no significant differences in ABG, acid-base balance, RR, ABP, and HR between the two age groups.
* p Ͻ 0.01, wk 1 vs wk 2 by ANOVA.
AMINO ACIDS AND VENTILATION IN PIGLETS
ABP, HR, ABG, and acid base balance. Changes in HR and ABP with hypoxia were not different between the two study groups (Table 1) . Changes in pH, arterial PO 2 (PaO 2 ), arterial PCO 2 (PaCO 2 ), and base excess (BE) with hypoxia were also similar in wk 1 and 2 (Table 1) .
DISCUSSION
The present study demonstrates a biphasic ventilatory response during hypoxia in piglets during wk 1 and 2 of age, although the decrease in ventilation after the first minute was more marked in the younger animals. The increase in extracellular levels of inhibitory AA GABA, glycine, and taurine in the NTS during hypoxia was observed only in the piglets studied at wk 1, while the increase in excitatory AA aspartate and glutamate concentrations was similar in both age groups. This suggests that the ventilatory response to hypoxia may be determined by the balance between excitatory and inhibitory amino acid neurotransmitters in the brainstem.
GABA is an important inhibitory neurotransmitter in the mammalian CNS and acts through two main receptor subtypes: ␣ and ␤. GABA ␣ receptor is an integral component of a chloride channel complex and GABA ␤ receptor is coupled to potassium and calcium channels. GABA ␣ receptor activation leads to membrane hyperpolarization by increasing the membrane conductance to chloride, whereas the activation of GABA ␤ receptor increases the membrane conductance to potassium, resulting in hyperpolarization of neurons and causing late long-lasting inhibitory postsynaptic potentials (22, 23) .
The age when the effect of GABA on the CNS changes from depolarization to hyperpolarization appears to depend on the maturity of the animal species and area of the brain. In the newborn rat hippocampus, the GABA receptor response is depolarizing from birth to postnatal d 4 before switching to hyperpolarization and becoming strictly inhibitory at the end of the first post natal week (24) . However, when GABA was applied to the 0 -4 d newborn rat brainstem in vitro, a decrease in respiratory frequency was observed (25) . When a higher concentration of GABA was given, spontaneous periodic activity was sometimes totally abolished. These data suggest that the physiologic effect of GABA may vary in the different regions of the brain.
It has been well documented that central amino acids change concentrations during hypoxia, and several studies have demonstrated that GABA is a major inhibitory amino acid neurotransmitter and is a central depressant of ventilation (18, 19, 26, 27) .
Previous studies from our laboratory have demonstrated a depressant role of GABA on the ventilatory response to hypoxia in newborn piglets (16, 28) . Huang et al. (16) studied the effect of GABA ␣ and ␤ receptors in newborn piglets using the receptor blockers bicuculline and CGP-35348. An increase in ventilation during hypoxia was reported after administration of the two GABA blockers, suggesting that the role of GABA in the late hypoxic ventilatory depression is mediated through both main receptor subtypes. Additionally, bicuculline methiodide (which does not cross the blood brain barrier) was given during hypoxia and did not have an effect on ventilation. This was confirmed by Xiao et al. (28) , who administered bicuculline methiodide into the cisterna magna in newborn piglets and reported a significant increase in minute phrenic output during hypoxia. These studies suggest that the depressant effect of GABA on ventilation is centrally mediated.
In the first week, GABA levels increased after 5 min of hypoxia, whereas hypoxia had little or no effect on GABA levels in the piglets studied at wk 2. Similar to these results, Tabata et al. (26) measured GABA concentrations during hypoxia from the NTS and showed a marked increase in GABA after 15 min of hypoxia in adult rats.
Glycine, similar to GABA ␣ receptor, switches from excitatory effect during fetal life to inhibitory effect after birth and also is an integral part of a chloride channel/receptor complex. Unlike GABA, glycine peaks after birth and then declines with development. Glycine synthase and serine hydroxymethyl transferase, the primary enzymes for glycine synthesis in the brain, are active at birth (29, 30) . In rats, glycine concentrations are highest during the first postnatal week in the brain and decline with age (31). Carpenter et al. (32) studied the developmental changes of the mRNA coding for GABA and glycine receptors in the rat cerebral cortex and reported that glycine is the main inhibitory neurotransmitter but is replaced by GABA during the first 2-3 wk after birth. The numbers of GABA receptors were found to increase from low levels before birth to adult levels at about 3 wk of age. In a pilot study, we have demonstrated that after administering strychnine, a glycine antagonist to neonatal piglets, there was a decrease in time to peak activity and interburst durations and an increase in the frequency of the phrenic nerve output. These findings suggest that at an early age, glycine plays an important role in determining the respiratory pattern and rhythm.
The basal concentration of taurine is at its highest level in the neonatal brain and decreases, depending on the species, 3-to 4-fold by adulthood (20) . In the present study, taurine levels were markedly increased with hypoxia during wk 1, while in wk 2, taurine levels initially decreased and than slightly increased above baseline values. This response of taurine in older animals may be explained by the increase in glutamate concentration. Glutamate is a competitive inhibitor of the decarboxylase enzyme that converts cysteine sulfinic acid to hypotaurine, limiting the formation of taurine (14, 33) . Hoop et al. (27) reported a transient decrease in taurine in intact adult rats when exposed to hypoxia followed by an increase to prehypoxic values at 15 min.
In our study, glycine, GABA, and taurine increased with hypoxia in the younger animals. This can explain the depressed ventilatory response to hypoxia during the first week of life.
Glutamate and aspartate are major excitatory neurotransmitters and are present in high concentrations in the CNS. We have previously demonstrated that an increase in glutamate concentration was in part responsible for the increase in ventilation during hypoxia in unanesthetized 6-d-old piglets (5) . In contrast, in a rodent model, Ohtake et al. (34) demonstrated that after administration of MK-801, a NMDA receptor antagonist, there was no effect on the hypoxic ventilatory response in young rats (5 and 10 d) but at 15 d increased V E and RR. The results from the present study and previous studies from our laboratory suggest that the respiratory control in piglets is more mature than in developing rats (5) .
The excitatory effect of aspartate on the respiratory system has been reported in adult cats and rats (35, 36) . In the neonatal piglets, Navarro et al. (15) administered L-aspartate and produced a significant increase in the ventilatory response to hypoxia, confirming the excitatory effect this AA has on respiratory control. In the present study, glutamate and aspartate levels in the NTS increased during hypoxia in both age groups concurrent with the initial increase in ventilation. However, during the later phase of the ventilatory response, the increase in excitatory AA was not enough to override the effect of the inhibitory AA and ventilation declined.
There may be other neurochemicals, such as adenosine, opioids, and prostaglandins, that play a role in the ventilatory response to hypoxia during development (11, 37) . Adenosine is an inhibitory amino acid that has been shown to depress respiration in early life. Mayer et al. (37) studied the effects of adenosine A 2A -receptor activation in developing rats and reported that the respiratory inhibitory effect of A 2A -receptor activation is age dependent. Additionally, bicuculline, was given before and after A 2A -receptor agonist (CGS) injection and prevented the inhibitory response observed after CGS suggesting that A 2A -receptor activation is mediated through the GABAergic pathway suggesting that there is an interaction between different neurotransmitters and neuromodulators during development (37) .
In summary, this study extends the knowledge of the role of central inhibitory and excitatory amino acid neurotransmitters released in the NTS during the ventilatory response to hypoxia, and demonstrates that the balance between inhibitory and excitatory amino acids varies during the neonatal period and may play an important role in the ventilatory response to hypoxia. The results suggest that the biphasic ventilatory response to hypoxia in newborn piglets is in part modulated by increased concentrations of inhibitory amino acids in the first week of life.
